molecular sequences of the FK01 and M0880/a strains exhibit differences, it is clear that these strains and their chromatophores have common origins (Yoon et al., unpublished data) . Among the EST sequences from FK01, we found a sequence that was very similar to psaE, the gene encoding cyanobacterial photosystem I reaction center subunit IV. This gene was missing in the reported chromatophore genome of the strain M0880/a [3] and it has not been found in the FK01 chromatophore genome either (Yoon, H.S., personal communication). Furthermore, the psaE gene has been found in all cyanobacteria and most plastid-containing eukaryotes investigated so far. A previous study using a psaE-defective cyanobacterial strain suggested that PsaE is not necessary for proper photosynthesis under high CO 2 conditions [8] . While the function of PsaE is still not entirely clear, the fact that this protein is widely distributed and evolutionarily conserved in photosynthetic organisms speaks to its likely functional importance.
The PsaE protein is encoded in the 5' half of the cDNA, with the 3' half containing a comparatively long 3' UTR ( Figure 1A,B) . A putative polyadenylation signal (AGTAAA) was present near the 3' end of the cDNA and a poly(A) sequence was attached at the 3' end, as would be Another acquisition of a primary photosynthetic organelle is underway in Paulinella chromatophora Takuro Nakayama and Ken-ichiro Ishida * The birth of plastids brought photosynthesis to eukaryotes and had a huge impact on their evolution. Despite its importance, details of the plastid acquisition process through primary endosymbiosis are not well understood. Recently, a cercozoan testate amoeba, Paulinella chromatophora, has received considerable attention because it may be able to provide insights into the transition from a cyanobacterial endosymbiont to a photosynthetic organelle [1] [2] [3] . The P. chromatophora cell contains two chromatophores that look like cylindrical cyanobacteria [4, 5] , and it has been debated whether these chromatophores are endosymbiotic cyanobacteria or photosynthetic organelles [4] [5] [6] [7] . The chromatophore genome of P. chromatophora strain M0880/a was recently sequenced, revealing that its size (~1 Mbp) has been reduced and that it lacks several genes important to cyanobacteria, including a few photosynthetic genes [3] . Here, we obtained concrete evidence that psaE, one of the photosynthetic genes, is expressed from the nuclear genome of P. chromatophora. This indicates that the psaE gene has been transferred into the nuclear genome from the chromatophore. Thus, another primary endosymbiotic acquisition of a photosynthetic organelle is under way.
In order to search for genes that have been transferred to the nucleus from the chromatophore, we created a cDNA library from strain FK01, a newly established P. chromatophora culture, and generated 3,552 EST sequences. FK01 originated from an individual that was collected from a Japanese pond. While several nuclear-and chromatophore-derived Correspondence the case for a cDNA derived from a eukaryotic mRNA ( Figure 1A,B) . To analyze the psaE gene further, we obtained the genomic sequence of the gene by genomic PCR and TAIL-PCR [9] . Interestingly, the genomic sequence contained two possible spliceosomal introns in the protein-coding region ( Figure 1C) . The presence of spliceosomal introns and a poly(A) tail in the mRNA confirm that the psaE gene is located in, and expressed by, the nuclear genome. The G+C content at the third position of codons in Paulinella's psaE was relatively high (about 75.3%) and this also implies that this sequence is not encoded in the chromatophore genome, which has a low G+C content [3] . Additionally, the PsaE sequence of P. chromatophora was found to possess a specific insertion that was shared only by certain cyanobacterial lineages including Synechococcus and Prochlorococcus species ( Figure S1 in Supplemental Data, published online with this article), the closest relatives of Paulinella's chromatophores [1, 2] . This strongly suggests that the psaE gene was transferred from the chromatophore to the nucleus. This is the first example of a photosynthetic protein encoded by the nucleus of P. chromatophora.
When a eukaryote originally acquired a plastid via a primary endosymbiosis, extensive endosymbiotic gene transfer (EGT) occurred. As a result, most of the genes for plastid proteins are now in the nuclear genome [6] .
Our results demonstrate that EGT has also occurred, at least for one photosynthetic gene, in P. chromatophora and that the chromatophore is already on its way to being genetically integrated within the P. chromatophora host cell. Considering that the chromatophore genome lacks the psaE gene [3] , which is retained by almost all photosynthetic organisms, and that the deduced PsaE protein sequence of P. chromatophora has been highly conserved, even after genetic modifications such as the insertion of introns, it is reasonable to presume that the PsaE protein is functional. To determine whether PsaE possesses an amino-terminal transit peptide, as is used to import proteins into canonical plastids in plants and algae, we obtained 424 bp of genomic sequence upstream of the PsaE coding region by TAIL-PCR [9] . The deduced amino acid sequence of the upstream region revealed that a stop codon was present 39 amino acids upstream of the putative first methionine residue in the deduced PsaE protein sequence (Figure 2 ). There was no methionine residue between the stop codon and the putative start codon. Although we cannot rule out the possibility that an intron exists in this upstream region that hides the leader sequence, this result may indicate that a transit-peptide-like, amino-terminal targeting signal is not present in the PsaE precursor. One might suggest the possibility that the psaE mRNA of P. chromatophora is transported directly to the chromatophore and that the impressively long 3' UTR plays a role in mRNA transport. However, the cDNA sequence contains no sequence similar to a Shine-Dalgarno motif, which is required for association with bacterial ribosomes. Furthermore, the Kozak consensus sequence (AXXATGG, Figure 1A ), which is necessary for efficient translation in eukaryotes, is present around the start codon. This implies that the mRNA is translated into a protein by eukaryotic ribosomes in the host's cytoplasm. However, since at least one protein is known to be transported into a plastid without amino-terminal targeting peptides [10] , it is possible that PsaE is transported into the chromatophore in a similar manner.
The data presented in this study, together with the complete sequence of the chromatophore genome [3] , provides strong evidence that supports the idea that the chromatophore of P. chromatophora is indeed a photosynthetic organelle. However, the degree of integration of the chromatophore into the cell must still be at an early stage because of the following reasons: (1) the chromatophore genome of P. chromatophora is large compared to modern-day plastid genomes and it still harbors several protein-coding genes that are commonly nucleus-encoded in all plastid-bearing organisms [3] ; (2) the acquisition of the chromatophore appears to have occurred very recently, after P. chromatophora and its close sister species, Paulinella ovalis, diverged; and (3) the chromatophore is still surrounded by a thick wall and structurally looks very much like a cyanobacterial cell [5] . At present, P. chromatophora is the only known example of an organism that is in the early stages of the primary endosymbiosis, and it will provide precious knowledge for understanding the birth and evolution of plastids. Figure 2 . Predicted translation initiation site of Paulinella PsaE. The deduced amino acid sequence of the upstream region of Paulinella psaE aligned with the amino-terminal region of several cyanobacterial PsaE proteins. In Paulinella psaE, a stop codon appears 39 amino acids upstream from the start of the mature protein region. There was no methionine residue contributing to the initiation of translation between the stop codon and the putative first methionine.
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